Purpose of Review In this review, we discuss the role of perivascular adipose tissue (PVAT) in the modulation of vascular contractility and arterial pressure, focusing on the role of the renin-angiotensin-aldosterone system and oxidative stress/ inflammation. Recent Findings PVAT possesses a relevant endocrine-paracrine activity, which may be altered in several pathophysiological and clinical conditions. During the last two decades, it has been shown that PVAT may modulate vascular reactivity. It has also been previously demonstrated that inflammation in adipose tissue may be implicated in vascular dysfunction. In particular, adipocytes secrete a number of adipokines with various functions, as well as several vasoactive factors, together with components of the renin-angiotensin system which may act at local or at systemic level. It has been shown that the anti-contractile effect of PVAT is lost in obesity, probably as a consequence of the development of adipocyte hypertrophy, inflammation, and oxidative stress. Summary Adipose tissue dysfunction is interrelated with inflammation and oxidative stress, thus contributing to endothelial dysfunction observed in several pathological and clinical conditions such as obesity and hypertension. Decreased local adiponectin level, macrophage recruitment and infiltration, and activation of renin-angiotensin-aldosterone system could play an important role in this regard.
The majority of blood vessels are surrounded by variable amounts of perivascular adipose tissue (PVAT). For many years, PVAT was routinely removed from arteries during in vitro studies in order to simplify the experiments on isolated blood vessels. However, due to the increasing evidence of the role of the adipose tissue as an endocrine organ [1] and of the close proximity of PVAT to a vast network of blood vessels, investigators have begun to study the effects of PVAT (Table 1) .
In 1991, Soltis and Cassis were the first to test the hypothesis that PVAT might be important for vascular regulation [2••] . They demonstrated the presence of a diminished response to noradrenaline in intact arteries compared with vessels having PVAT removed in isolated aortic ring preparations from rats. They attributed this effect to the dense sympathetic innervation in PVAT [2••] . Ten years later, the interest in PVAT was renewed by Lohn et al. [3] . They demonstrated that the vasocontractile response with angiotensin II (Ang II), serotonin, and phenylephrine was 95, 80, and 30% lower, respectively, after removal of PVAT [3] . Furthermore, this effect was independent of nitric oxide (NO) formation and appeared to be mediated by a substance released from intact aortic rings surrounded with fat into the organ bath since transferral of bath solution from vessels with fat or cultured rat adipocytes to vessels without fat resulted in rapid relaxation of precontracted arteries. The factor involved was considered to be more likely a protein than a lipid, as it was not adsorbed by Verlohren et al. [6] Mesenteric arteries Rat Phenylephrine, adrenaline, and serotonin
Gao et al. [7] Internal thoracic artery essentially fatty acid-free serum albumin and it was inactivated by heating. Therefore, the authors concluded that "adventitium-derived relaxing factor" (ADRF) was released by PVAT [3] . ADRF release was shown to depend on extracellular calcium and can be modulated by changes in calcium concentration in the plasma in vivo [4] . Furthermore, ADRF effect is regulated by intracellular tyrosine kinase, protein kinase A, and voltage-dependent smooth muscle potassium channel but not by NO, cytochrome P450 pathways, or prostaglandins [4] . We now know that the relaxing factor is released from the adipose tissue and not from the tunica adventitia [9] and therefore we can use the term PVAT-derived relaxing factor (PDRF). Subsequent studies confirmed the role of PVAT as an inhibitor of arterial contraction in internal thoracic arteries [7] and in human internal mammary arteries [5] . The mechanism of the vasodilatory capacity of PVAT varies depending on anatomical location and animal species. In rat aorta, PDRF appears to cause vasorelaxation by opening ATP-dependent K+ (KATP) channels in vascular smooth muscle cell [4] , while in rat mesenteric arteries, voltage-dependent K+ channels (K v ) seem to be involved [6] . In a recent study, Gao et al. identified two different pathways for explaining the PVAT relaxation on rat aorta. They described an endotheliumdependent and endothelium-independent mechanism, working through a release of nitric oxide with calcium sensing K+ channels activation (K Ca ) [9] and hydrogen peroxide with soluble guanylate cyclase activation [9] , respectively. Several studies both in vitro and in vivo have confirmed the anticontractile property of PVAT, but despite several candidates being proposed, the real identity of PDRF is partly unknown.
Candidates for PDRF
Leptin Leptin has been proposed as PDRF because of its direct vasodilator effect by release of nitric oxide with endotheliumdependent mechanism [8, 15] . However, leptin possesses also contractile effects by activation of the sympathetic nervous system and several other effects such as increase in vasoconstrictor endothelin-1 [16] and in toxic reactive oxygen species (ROS) [17] . Therefore, leptin may contribute to arterial pressure homeostasis and to the anti-contractile effect of PVAT, but its role as PDRF seems to be unlikely.
Adiponectin
The PVAT has been shown to secrete other vasodilator products like hydrogen peroxide [18] and adiponectin [19, 20] . In particular, adiponectin is a protein secreted exclusively by adipose tissue [21] and has been reported to possess several protective properties against hypertension [22] [23] [24] , atherosclerosis [25] , and diabetes [26] . Several studies have demonstrated that adiponectin acts as a vasodilator by activation of endothelial NO synthase (eNOS) and consequent increase of NO production [26] . It has the ability to inhibit macrophage activation, to reduce proliferation of vascular smooth muscle cells, to improve insulin signaling pathways, and to reduce ROS levels [27, 28] . Hypoadiponectinemia has been correlated to endothelial dysfunction [29] , obesity [30] , hypertension [23] , atherosclerosis [24] , type 2 diabetes [25] , and myocardial infarction. In particular, it has been shown that in patients with coronary artery disease, epicardial tissue expresses lower adiponectin levels [31] . Recent studies have demonstrated adiponectin-mediated anti-contractile properties of PVAT in human small arteries, which represent the main regulators of peripheral resistance and hence of blood pressure [11••] . In particular, in that study, it has been demonstrated that the anti-contractile function of PVAT disappears in healthy human arteries after blockade of adiponectin receptor 1 [11••] . Considering its beneficial and protective effects, adiponectin could be an important therapeutic target. Therefore, adiponectin might represent a reliable candidate for the role of PDRF. Aside from vasodilator products, PVAT has also been reported to secrete vasoconstrictor peptides like endothelin and Ang II [32] (Fig. 1 ).
Inflammatory Cytokines
The adipokines group also includes proinflammatory cytokines (such as interleukin 6 (IL-6) and tumor necrosis factor (TNF-α)), chemokines (like interleukin 8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1)), growth factors (transforming growth factor-β (TGF-β)), and pro-thrombotic factors (e.g., plasminogen activator inhibitor type 1 (PAI-1)).
There is a compelling evidence for an increased level of adipokines in inflammatory state, such as in obesity, and of a decreased cardiometabolic protective role of adiponectin. These obesity-related changes in adipose tissue are probably linked to the development of insulin resistance, type 2 diabetes mellitus, hypertension and, thus, metabolic syndrome [34] [35] [36] [37] .
In addition to this emergent role of PVAT as modulator of arterial tone, in a recent study, it has been suggested that PVAT may act also as a regulator of vein function. In particular, PVAT is able to reduce contractile responses of the inferior vena cava to various agonists mediated by angiotensin (1-7) through activation of K v channels [14] .
Therefore, the PVAT may play a role as dual modulator of vascular tone.
It is clear that adipose tissue and in particular PVAT is a secretory and endocrine organ which is involved in the regulation of vascular tone. PVAT might play an important role in the modulation of blood pressure, in the hemodynamic homeostasis, and in other conditions associated to vascular dysfunction such as atherosclerosis, obesity, and type 2 diabetes mellitus. This suggests that a balance between adipose tissue-derived vasodilator and vasoconstrictor mediators might be extremely important for the maintenance of an appropriate vascular tone.
The Adipose Tissue and the Renin-Angiotensin Axis
The renin-angiotensin system (RAS) is involved in systemic blood pressure regulation and in renal electrolyte homeostasis. Several studies have demonstrated the presence of local RAS activity in both white and brown perivascular adipose tissues [38•] .
A number of animal studies have demonstrated the expression of most of the RAS system components in adipose tissue [39] ; however, data from human tissues are relatively few [40] (Fig. 2) .
Angiotensinogen (AGT) expression in adipose tissue was first identified in periaortic brown adipose tissue in 1987 [42] . Subsequently, AGT secretion and AGT-mRNA were detected in rat and human adipose tissue depots, in adipocytes isolated from rat arterial vessels walls and mesentery [43] , in primary cultured human adipocytes [12] , and in differentiating human pre-adipocytes [44] . Thus, the AGT expression and secretion is considered a late marker of adipocyte differentiation [45] . Various studies have demonstrated that AGT expression is higher in visceral compared with subcutaneous adipose tissue in rats [46] and humans [47] . In addition, white adipose tissue is considered to be one of the major sources of angiotensinogen outside the liver [48] . The AGT activation by free fatty acids and overfeeding provides a possible link between adipose-tissue RAS, obesity/insulin resistance, and obesity/hypertension.
Although renin activity has been detected in brown adipose tissue [49] , Gàlvez-Prieto et al. showed the absence of renin expression in mesenteric and aortic PVAT from male Wistar Kyoto rats [39] . Nevertheless, they confirmed the presence of the (pro)renin receptor which may act with a circulating enzyme to increase local synthesis of angiotensin I from AGT. The peroxisome proliferatoractivated receptors (PPARs), of which two isoforms (α and γ) have been identified in PVAT, have both been shown to positively regulate renin transcription [50] . This receptor has been detected in subcutaneous and visceral human adipose tissues [51] .
Ang II is the major component of RAS with a variety of physiological actions including vasoconstriction, stimulation of aldosterone release from the adrenal gland, renal sodium and water reabsorption, increase of blood pressure, cell growth, inflammation process, vascular and cardiac remodeling, activation of the sympathetic nervous system, and ROS production [52] . In the adipose tissue, Ang II may play a role in adipocyte growth and differentiation, The exact role of Ang II in the differentiation and proliferation of human adipocytes remains controversial; it has been shown that pre-adipocytes from human adipose tissue express a functional RAS [53] . Sharma hypothesized that Ang II may be able to inhibit the adipogenic differentiation of primary cultured pre-adipocytes in humans [54] . Ang II levels in mesenteric adipose tissue are higher than in periaortic adipose tissue [39] , demonstrating a regional different expression of the RAS.
The effects of Ang II are mediated by two main membrane receptors: the angiotensin type 1 receptor (AT1R) and the angiotensin type 2 receptor (AT2R). Matsushita et al. demonstrated that Ang II stimulated differentiation of adipocytes through AT1R and inhibited it through AT2R [55] . The AT1R is responsible for most biological effects of Ang II, such as pressure, trophic, and pro-inflammatory effects, whereas the AT2R antagonizes several AT1R-mediated effects. It has been demonstrated that Ang II through AT1R stimulates transcription factor expression, which may promote adipocyte differentiation and increase of triglycerides content in human adipocyte culture and in 3T3-L1 cells, thus leading to adipocyte hypertrophy [56] . The crucial role of AT1R is confirmed by the demonstration that, in essential hypertensives patients, in adipocytes in culture and in a rat model of type 2 diabetes, AT1R antagonist is able to increase adiponectin concentrations and improve insulin sensitivity [57, 58] . In addition, it has been demonstrated that telmisartan, a selective AT1R blocker, increases adiponectin level and reduces myocardial damage in infarcted Zucker diabetic fatty rat models [59] . It has already been shown that plasma adiponectin levels were significantly increased in patients with hypertension after treatment with telmisartan [60] . A previous study had also shown that treatment with the AT1R antagonist, olmesartan, in Ang II-infused rats resulted in an increase of adiponectin level [61] .
Conversely, the binding between Ang II and its AT2R may determine tissue regeneration [30] and upregulation of adiponectin production in neonatal rat ventricular myocytes [62] .
Although the role of Ang II on differentiation and proliferation of adipocytes is still controversial, Ang II-related effects on adipose tissue, with its trophic and pro-inflammatory effects, could play an important role for vascular function and structure and could be implicated in hypertension-related obesity.
Changes of the RAS Axis in Obesity and Hypertension: Contribution of the Tissue RAS of PVAT
Abdominal obesity is an important risk factor for the development of arterial hypertension, insulin resistance, and type 2 diabetes. Abdominal obesity is also associated with metabolic and morphological abnormalities including sodium retention, endothelial dysfunction, left ventricular hypertrophy, dyslipidemia, hyperinsulinemia, microalbuminuria, elevated markers of inflammation, and oxidative stress [63] .
Increasing evidence suggests a link between reninangiotensin-aldosterone system (RAAS) and other components of the metabolic syndrome, in particular abdominal obesity. A Japanese study has shown that oxidative stress, an important mechanism of metabolic dysregulation in obesity, is able to reduce mRNA-AGT levels in adipose tissue of obese and in hypertrophic murine adipocytes [64] . Oxidative stress is closely correlated to RAAS; Ang II is a potent inductor of ROS, and during obesity, systemic and related adipose tissue Ang II levels are increased.
In addition to Ang II, aldosterone is also an important mediator of RAAS effects. In obesity-related hypertension, aldosterone levels are higher and are associated with endothelial dysfunction [65] and inflammation [66] . In a study of 2009, it has been shown that the blockade of mineralcorticoid receptors improves adipocyte dysfunction and insulin resistance in a murine model of obesity [67] . A recent review discusses the known interaction between adiponectin and aldosterone, demonstrating an inverse relationship [68] . Several effects of aldosterone are mediated through pathways similar to those induced by Ang II. Furthermore, recent data demonstrate the presence of cross-talk between aldosterone and Ang II which modulates and stimulates the signaling transduction such as the Ang II effects on PVAT [69] .
The tissue RAS of PVAT may operate in combination or independently of circulating RAS. The precise function of RAS in perivascular adipose tissue is still controversial but may contribute to vascular tone, structural and functional alterations, especially in pathological conditions such as hypertension and obesity, amplifying the effect of systemic RAS. It has been hypothesized that cross-talk between smooth muscle cells and endothelial cells which could explain at least in part the implication of tissue RAS in the perivascular adipose tissue on structural alterations of small resistance arteries.
In view of the relevant role of the RAS system and PVAT on vascular function, it is interesting to understand the possible relationship between them.
In 2006, Gàlvez and colleagues observed several changes in PVAT function and mass in spontaneously hypertensive rats (SHR) which could contribute to increased vascular resistance [8] . In the SHR model, PVAT has a reduced anti-contractile effect, being the mass of mesenteric PVAT less than in control mice with smaller adipocytes and lower leptin content [8] . Subsequently, Lee demonstrated that the changes on PVAT structure and function were observed also in Ang II-induced hypertension in adult male Wistar normotensive rats [12] . In addition, it has also been shown that Ang II is able to mediate PVAT-associated increase of contractile response to perivascular neuronal excitation by EFS, possibly through superoxide production [70] . Recently, the same author confirmed the reduced anti-contractile function of PVAT in SHR [71] and this functional impairment could involve angiotensin (1-7) [71] . In fact, angiotensin (1-7) blockade is able to inhibit the anti-contractile effect of PVAT [13] . Ang 1-7 has also been implicated on anti-contractile function showed by PVAT on inferior vena cava [14] .
In a study of 2011, in a mouse model, we demonstrated that PVAT in small mesenteric arteries loses its anti-contractile effect, after stimulation with two physiological stimuli of inflammation: aldosterone and hypoxia [72••] .
In that study, we demonstrated that the presence and activation of macrophages in adipose tissue was a key modulator of the increased in contractility in arteries with PVAT following induction of inflammation. Among multiple factors that may be involved in determining the vascular consequences of obesity and hypertension, we have shown a favorable effect of eplerenone in inducing a reduction of the inflammatory effects of both aldosterone and hypoxia [72••] . This property of mineralcorticoid receptor blockers may be of potential therapeutic interest. In a recent study, we demonstrated that an ACE inhibitor and an AT1R blocker also have similar effects on anti-contractile properties of the perivascular adipose tissue following hypoxia [73•] . In particular, we have shown that hypoxia induced a loss of this anti-contractile effect which could be completely prevented with captopril or telmisartan. Therefore, our in vitro induction of a hypoxic environment can simulate the loss of anti-contractile perivascular adipose tissue function seen in vivo in obese patients, and this can be prevented using inhibitors of the renin-angiotensin cascade; RAS blockade may protect the vasculature and may reverse the effect of perivascular and systemic RAS.
The Role of Oxidative Stress and Inflammation in PVAT Function
It is well known that vascular dysfunction is mediated by adipose tissue inflammation which could be contrasted by anti-inflammatory agents such as adiponectin. Recently, a review from Huang Cao et al. described the important role of PVAT on regulation of vascular tone underlining the importance of the functional integrity of PVAT, rather than the amount of PVAT itself, because it is essential for the control of blood pressure and it is protective against the development of hypertension and cardiovascular disease [74•] . In particular, in lean conditions, the PVAT is able to secrete several adipokines which act on endothelial cells through a nitric oxide-dependent mechanism and directly on small muscle cells to induce vasorelaxation of the vessel wall. Instead, during obesity, the secretory profile of PVAT change with a reduction of expression of vasorelaxing factors and an increase in vasoconstricting factors with cell infiltration leading to inflammatory state [74•] . The cause of the onset of inflammation still remains unknown although a recent hypothesis is related to hypoxia; in obesity, adipocytes become hypertrophic leading to inadequate perfusion and consequent local hypoxia. Hypoxia-inducible factor (HIF-1 α) alpha is a key mediator of hypoxia. Its levels are higher in adipose tissue of obese subjects, and they decrease after weight loss [75] . HIF-1 α is a main hypoxia-inducible transcription factor responsible for increased inflammatory mediator production, like TNF-α and IL-6, and for reduced adiponectin level [76] . Greenstein et al. have shown that the application of TNF-α and IL-6 to PVAT around healthy blood vessels decreased the dilator effect of PVAT. Similarly, it has been shown that the induction of experimental hypoxia for 2.5 h causes inflammation and loss of anti-contractile function of PVAT. Both conditions could be reversed and the anti-contractile property rescued by catalase and superoxide dismutase or cytokine antagonists [11••] . From these observations, it is clear that PVAT loses its dilating effect after the increase of oxidative stress.
In addition to hypoxia, there are also different HIF activators such as growth factors, cytokines, and hormones. In particular, it has been demonstrated that in vascular smooth muscle cells, Ang II is a potent activator of HIF-1 α by mechanisms even different from hypoxia, involving also mitochondrial reactive oxygen species (mtROS) [77, 78] . As previously mentioned, it has been shown that hypoxia and aldosterone can reproduce the effect of an inflammatory phenotype in adipose tissue, with loss of anti-contractile property [72••] . The macrophage activation is responsible for both conditions because free radical scavengers are able to rescue the anticontractile function of adipose tissue [72••] . In conclusion, inflammation and oxidative stress are interrelated and associated with adipose tissue dysfunction, and they could contribute to arterial stiffness and hypertension [79•, 80] , maybe through endothelial dysfunction (Fig. 3) . Macrophages in adipose tissue represent a key modulator of oxidative stress and systemic inflammation through the production of IL-6 and ROS [81] . The important role of IL-6 and MCP-1 in the recruitment of inflammatory cells, in particular, monocytes and macrophage, and in the pathology of vascular disease during obesity is described in a recent review [74•] . Decreased adiponectin level is involved in the process of macrophage infiltration [82] and is a consequence of inflammation and oxidative stress [81] (Fig. 3) .
Therefore, it is clear that adiponectin is one of the key mediators of PVAT function which is altered in obesity. It was demonstrated that the effect of adiponectin on vascular tone is mediated by activation of potassium channel calcium dependent (BK Ca channels) on vascular smooth muscle cells and adipocytes and by endothelial mechanisms [83•] : adiponectin hyperpolarizes wild-type arteries but not vessels from BK Ca knockout mice. Furthermore, it seems that stimulated release of a hyperpolarizing factor (maybe adiponectin) from mesenteric artery PVAT induces electrical changes that involve myocyte BK Ca channels [84] . Thereafter, the intracellular downstream mechanisms which involve cGMP-dependent protein kinase (PKG) as a regulator of normal PVAT function was described [85•] . Recently, the involvement of BK Ca channels in anti-contractile function of perivascular adipose tissue was confirmed [86] . In particular, it has been shown that the anti-contractile effect of PVAT completely disappeared after pre-incubation with iberiotoxin, a scorpion toxin that inhibits BK Ca channels, in ob/ob mice, an animal model of obesity (B6. V-Lepob/OlaHsd) [86] . In that study also, the effects of melatonin, an endogenous hormone with anti-oxidant and vasculoprotective properties, on anticontractile properties of PVAT were addressed.
The Role of Melatonin in Vascular Dysfunction
Melatonin is an endogenous hormone that exerts anti-oxidant, anti-inflammatory, anti-hyperlipidemic, and antihypertensive actions, and it also modulates insulin secretion and action [87] .
It has been demonstrated that melatonin is able to improve mesenteric small resistance artery structure and endothelial function in spontaneously hypertensive rats [88] . It has been shown that melatonin therapy is able to improve blood pressure, lipid profile, and parameters of oxidative stress in patients with metabolic syndrome [89] . Furthermore, chronic administration of melatonin in rats fed a normal or high-fat diet, resulted in significant reduction in body weight, in circulating insulin, glucose, and triglyceride mean levels and was able to modulate the normal circadian pattern of plasma adiponectin [90] . It has also been proposed that melatonininduced hypertrophy and functional activation of brown adipose tissue may provide a potential target for treatment of obesity in humans [91•] . Therefore, in obesity, melatonin might be able to reduce pro-inflammatory cytokines and to increase adiponectin level with consequent modulation of PVAT function. Recently, it has been demonstrated that prolonged administration of melatonin is able to reduce hyperglycemia associated with obesity in hyperphagic mouse and to ameliorate the inflammation in the perivascular environment [86] . In particular, ob/ob mice treated with melatonin showed a marked reduction in the expression of endothelin-1 (ET-1), IL-6, and metalloproteases 2 and 9; in addition, we observed that the increased expression of both TNF-α and Fig. 3 Hypothetical link between adipose tissue dysfunction, inflammation, oxidative stress, and vascular disease CD68 in visceral fat sections from ob/ob mice was significantly reduced after melatonin treatment. Anti-contractile function of PVAT, partially lost in a model of animal obesity, may be restored by melatonin treatment but only in the presence of an intact PVAT, indicating the importance of PVAT oxidative stress in vascular dysfunction observed in obese animals [86] .
Aging represents another vascular dysfunction condition which is associated with a progressive decrease of the nighttime peak of melatonin concentrations. During aging, structural and functional changes have been observed. In particular, the effect of aging on vascular endothelium and small muscle cells (SMC) has been widely investigated, while less is known about the changes of PVAT. A senescence-accelerated prone mouse (SAMP8), a model of age-related vascular dysfunction with associated increase in blood pressure and cognitive decline, has been recently investigated [92, 93] . It has been demonstrated that in SAMP8 mice, there was an overexpression of ET-1, inducible nitric oxide synthase (iNOS), and cyclooxygenase 2 (COX-2), all markers of oxidative stress together with a reduced level of endothelial nitric oxide synthase (eNOS) and cyclooxygenase 1 (COX-1) [94] . In addition, in SAMP8 mice, PVAT had lost its protective anti-contractile effect. Also, long-term treatment with melatonin in SAMP8 was able to increase some vasculoprotective markers, to decrease oxidative stress and inflammation and to restore the anti-contractile effect of perivascular adipose tissue [94] . Decreased expression of adiponectin and adiponectin receptor 1 was also observed in visceral fat of untreated aging mice, whereas a significant increase was observed after melatonin treatment [94] . The increased production/activity of adiponectin might contribute to explain the improvement of the anti-contractile action of perivascular fat observed in the mesenteric small resistance arteries of SAMP8 mice after chronic treatment with melatonin [94] .
Conclusions
In conclusion, several evidences suggest a key role of PVAT as regulator of vascular tone through different mechanisms. It is clear that the RAS activity in adipose tissue plays an important role on PVAT function and the correction of the imbalance between the different RAS components is crucial for the maintenance of vascular tone. Besides the known anti-hypertensive effects of ACE inhibitors and AT1R blockers and their effect on reduction of the incidence of new-onset diabetes [95] [96] [97] , they are able to increase circulating levels of adiponectin. In particular, it has been demonstrated that the levels of myocardial adiponectin and its type 1 receptor are decreased in type 2 diabetic rats and that telmisartan treatment may correct these alterations [98] . In addition, melatonin represents a potential therapeutic biological target in clinical conditions such as obesity and for delaying physiological and pathological alteration related to early vascular aging.
Further studies are needed to fully understand the potential implications of perivascular adipose tissue properties on vascular function in humans.
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